Erbium is a rare-earth element of paramount technological importance for photonics. [1] [2] [3] In bulk SiO 2 , the lifetime of Er is determined by its radiative lifetime, due to spontaneous emission, as well as by its nonradiative interactions with the neighboring lattice structure. In lattice relaxed SiO 2 at a low Er concentration, the lifetime of the 1.54 m transition is of the order of 15 ms and is mainly determined by radiative spontaneous emission. 1, 3 It is well known that both the lifetime and the separation between energy levels of atoms are affected by the presence of interfaces with other materials that change the electromagnetic ͑EM͒ modes, see, e.g., Refs. 4-8 and references therein. If the interface is located in the near zone of an atom, i.e., at a distance much less than the optical transition wavelength, the influence of the interface on the lifetime is mainly due to a semiclassical London-van der Waals interaction rather than to EM vacuum fluctuations. Therefore, it can be adequately described by the change in the total EM reaction field acting on the atom. This approach was shown to provide accurate quantitative results. [9] [10] [11] In the case of a finite imaginary part 2 of the dielectric constant of the medium adjacent to an atom, the dominant physical mechanism of the lifetime modification is the surface plasmon-mediated energy transfer between the atom and the dissipative medium. 9, [12] [13] [14] [15] This dissipative energy transfer becomes more effective the smaller the separation between the atom and the medium, thus leading to a shorter lifetime and smaller photoluminescence ͑PL͒ intensity.
Recently, Kalkman et al. demonstrated enhanced PL decay rate for the Er/silica glass/silver system, 16 but the study was only limited to one Er-implantation depth. In this letter, we present a detailed study of the enhancement of the PL decay rate of the 1.54 m transition in Er-implanted SiO 2 films coated with different metals and with different Erimplantation energies corresponding to an Er-metal distance much smaller than the transition wavelength ͑ / n Ϸ 1 m in SiO 2 ͒. Besides the obvious motivation to understand and predict the PL lifetime in these structures, the near-field energy transfer mechanism provides an interesting possibility to control the lifetime of excited electron states in active impurities by varying their distance to the dissipative overlayer and the absorptive properties of the latter.
Samples were prepared by implanting Er + on one side of double polished 380-m-thick silicon wafers with 1 m of thermally grown SiO 2 on both sides ͑Implant Sciences Cor-poration͒. A dose of 2 ϫ 10 13 ions/ cm 2 and implantation energies of 10, 20, 40, 80, 150, and 300 keV were used. Samples were annealed in vacuum ͑1 ϫ 10 −7 torr͒ for 1.5 h at 950°C to remove implantation related defects. Er ions diffuse minimally under these conditions. 3 The PL spectrum of these samples shows peaks around 1.54 m, which is a characteristic of the Er 4 I 13/2 -4 I 15/2 transition. 1 Then, an optically thick metal film, typically 160 nm, was thermally deposited on the implanted side of the sample immediately following the annealing step to minimize exposure to water vapor in the air. Without this precaution, the measured lifetimes decrease up to 25% for the shallowest implanted samples over several days. Finally, the samples were annealed in vacuum at 110°C for 9 h to enhance the quality of the metal films.
The Er concentration profiles were measured by dynamic secondary-ion mass spectrometry ͑SIMS͒. These profiles, presented in the inset of Fig. 2 Time resolved PL measurements were performed at room temperature. A schematic of the experiment is shown in Fig. 1 . Square pulses, 50 ms long, from a 980 nm wavelength fiber laser ͑JDS Uniphase͒ were collimated and focused onto the nonimplanted side of the samples. The Er PL was collected through a = 1.4 m long wavelength pass filter and focused onto an InGaAs detector ͑Electro-Optical Systems Inc., long wavelength cutoff at 1.6 m͒. Time traces of PL after averaging show smooth decaying tails following the excitation pulses. Typical PL decay curves in logarithmic scale are shown in Fig. 2 .
The lifetime of Er embedded in bulk SiO 2 ͑bulk lifetime͒ was determined to be 0 = 14.3± 0.3 ms from the samples with the three largest implantation energies, 80, 150, and 300 keV, since the shallowest implanted samples are more susceptible to water vapor in the air. The bulk lifetime measured is in good agreement with reported values. 3, 17 The bulk lifetime was measured in samples prepared by depositing 1 m SiO 2 onto the Er-implanted side of the annealed samples without metal coating. This ensures that the near field of Er is contained in the SiO 2 and does not interact with any interface.
Measurements were performed for two different metal overlayers, titanium and chromium, with complex refractive indices 3.68+ 4.61i and 3.67+ 4.19i at = 1.54 m, respectively. 18 Measured decay rates of the metal coated samples for six implantation depths are indicated by blue circles in Fig. 3 . They are obtained by fitting with an exponential curve the initial part of the PL signal, during which the signal drops by approximately a factor of 5 from its maximum value. For the 10 and 20 keV implants, the mea-sured decay rates were corrected for the detector response time ͑ϳ0.2 ms͒. It was found that the decay is generally nonexponential: it slows down with time, which is due to the spreading of ions along the direction of implantation. The variation in the lifetimes measured laterally from different spots across the wafer is ±5%. The PL intensity decreases with decreasing implantation depth. Furthermore, PL intensities are higher for samples without metallic coating. The above is consistent with the nature of the Er-metal interaction, as discussed earlier in the letter. Theoretically, the measured bulk decay rate ⌫ 0 = 1 / 0 Ϸ 70 s −1 can be separated into the radiative and the bulk nonradiative contributions, ⌫ 0 = ⌫ 0 rad + ⌫ 0 nr . The presence of the metal overlayer will change the radiative decay rate ⌫ 0 rad , but it will largely leave the bulk nonradiative decay rate ⌫ 0 nr unaffected because it is due to the neighboring atoms of the implanted ions. For a given implantation energy E, the total decay rate with metal coating can then be written as
Our PL decay experiments measure ⌫ tot ͑E͒ ͑blue circles in Fig. 3͒ . The modified radiative decay rate ⌫͑E͒ can be FIG. 3. ͑Color online͒ Experimental ͑blue circle͒ and theoretical ͑red tri-angle͒ Er photoluminescence decay rates for samples with ͑a͒ Cr and ͑b͒ Ti overlayers. Inset: zoom-in view of the two points with the highest implantation energies. For the Cr coated samples and an increasing implantation energy, the relative errors of the theoretical decay rates are ±10%, ±10%, ±5%, ±4%, ±2%, and ±1%; the relative errors of the experimental decay rates are ±10%, ±7%, ±5%, ±5%, ±5%, and ±3%. Similarly, for the Ti coated samples and an increasing implantation energy, the relative errors of the theoretical decay rates are ±10%, ±10%, ±5%, ±4%, ±2%, and ±1%; the relative errors of the experimental decay rates are ±12%, ±8%, ±6%, ±5%, ±5%, and ±3%. The errors of the theoretical data are mainly due to an uncertainty in determining the Er-implantation depth. The latter was used for theoretical calculations. The errors in the experimental data are mainly due to the variation in the lifetimes measured in different spots across the wafer.
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Appl. Phys. Lett. 91, 131103 ͑2007͒ calculated in two steps. First, we consider the expression for the decay rate of a single atom in the vicinity of a dissipative medium. 14, 15 For a dipole with transverse and parallel orientations with respect to the interface, the decay rates are 14, 15 
where z is the distance of a dipole from the dissipative medium ͑e.g., metal͒, R t = a 1 − a 2 a 1 + a 2 , R p = 1 a 2 − 2 a 1 1 a 2 + 2 a 1 ,
1 is the dielectric constant of SiO 2 and 2 is the dielectric constant of the overlayer. Formulas ͑2͒ and ͑3͒ are in exact agreement with Eqs. ͑2.17͒ and ͑2.29͒ obtained in Ref. 9 on the basis of Hertz vectors formalism. They include relevant effects such as reflection of the EM field, excitation of the surface plasmons, and dissipation in the overlayer. Then, using the distribution f͑z͒ of implanted Er ions measured in the SIMS experiment, the time dependence of the intensity can be calculated as I͑t͒ ϰ ͐f͑z͒exp͑−␥͑z͒t͒dz, where ␥͑z͒ is the decay rate for an atom at a distance z from the interface, averaged over random dipole orientation, ␥͑z͒ = ͑␥ t + 2␥ p ͒ / 3. The resulting time dependence I͑t͒ is slightly nonexponential. The normalized radiative decay rate ⌫͑E͒ / ⌫ 0 rad is obtained by fitting with an exponential dependence only the initial part of the computed function I͑t͒, in correspondence with the experimental procedure. ⌫͑E͒ is plotted with red triangles in Fig. 3 , assuming that the radiative efficiency of erbium in bulk SiO 2 is 100%, q ϵ ⌫ 0 rad / ⌫ 0 = 1, or ⌫ 0 rad = ⌫ 0 in Eqs. ͑2͒ and ͑3͒. As is clear from Fig. 3 , the theoretical points are uniformly shifted up from the experimental points, which indicate that the radiative efficiency is, in fact, smaller than unity. By attributing the difference between theoretical and experimental points to the nonradiative decay, the radiative efficiency can be obtained for each implantation energy from the measured total decay rate ⌫ tot ͑E͒ and the calculated normalized radiative decay rate ⌫͑E͒ / ⌫ 0 rad as 13
If the nonradiative decay does not depend on E, we should obtain the same value of q for all implantation energies. In reality, there is some sample-to-sample variation: for Cr samples at six implantation energies 10, 20, 40, 80, 150, and 300 keV, we obtain efficiencies equal to 0.65, 0.81, 0.81, 0.74, 0.83, and 0.72, respectively. For Ti coated samples, we obtain efficiencies equal to 0.62, 0.73, 0.76, 0.72, 0.78, and 0.68, respectively. The q deduced for the larger implantation energies is in the range of reported values. 1, 3, 11, 19 Error bars for the theoretical points in Fig. 3 are calculated by shifting the SIMS profiles by ±1.5 nm, which is the estimated error of the SIMS measurements. The error is mainly due to an uncertainty in determining the position of SiO 2 surface in the SIMS experiment.
Our results indicate that the decay rate of the 1.54 m optical transition in Er-implanted samples can be strongly enhanced in a well-controllable and predictable way by changing the separation between Er ions and the metal coating. This creates the obvious possibility of enhancing the modulation rate and controlling saturation nonlinearity in devices implanted or doped with Er or other active impurities. Furthermore, our measurements allow an estimation of the radiative efficiency of the 1.54 m transition in implanted Er, which is a crucial parameter for optical devices.
